Abstract: Vanadium pentoxide (V 2 O 5 ) nanoplatelet was prepared through an exfoliation method by using β-cyclodextrin (β-CD) as intercalating template. To improve its electrochemical performance in the aqueous electrolyte, the nanoplatelet was coated with amorphous AlPO 4 by sol-gel method. The effect of this coating layer on the rate and cycling properties is investigated by cyclic voltammetry and galvanostatic chargedischarge. The 1.6 % AlPO 4 -coated sample could deliver an initial capacity of 128 mAh g -1 at 0.1 C rate, and remain 99 % of the initial one after 50 cycles. The discharge capacities in the first cycle are 119, 113, and 104 mAh g -1 at the rates of 0.3, 1.5, and 3 C, respectively. The corresponding maintaining ratios are 98, 92, and 87 % after 50 cycles. The results suggest the AlPO 4 -coated V 2 O 5 nanoplatelet has good rate capability and cycling performance, indicating its promising application as an anode material in aqueous rechargeable lithium batteries.
Introduction
Electric vehicles (EV) and plug-in hybrid EV (PHEV) have received much attention for several decades to combat the shortage of fossil fuel [1] . Recently, aqueous rechargeable lithium batteries (ARLBs) have been of great potential application as the power sources for EV and PHEV since they were first discovered in 1990 [2, 3] . They are capable of fast charging and discharging, which is an important requirement for EV and PHEV, because the aqueous electrolyte has an ionic conductivity up to 10 -1 S cm -1 at room temperature. The current energy density of ARLBs is higher than that of Pb-acid batteries and comparable to that of Ni-Cd batteries. Moreover, due to weak corrosion of the neutral aqueous electrolyte to electrode materials, ARLBs would display better cycling performance than Pb-acid and Ni-Cd batteries, which use the strong H 2 SO 4 solution and the concentrated KOH solution as the electrolyte, respectively.
It has been proven that the cathode materials of ARLBs usually possessed excellent rate capability and cycling performance [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , but the anode materials that intercalated with lithium are not currently satisfactory. As is well known, the electrode materials with potential around 3 V (vs. Li [23] [24] [25] , TiO 2 [26] and Li 1+x V 3 O 8 [27] [28] [29] [30] , LiMn 2 O 4 [13, 31] , LiCoO 2 [32] . Among them, V 2 O 5 was intensively studied as the anode material for ARLBs, but its cycling performance is very poor due to its dissolution in aqueous electrolyte and low electronic conductivity [17, 18] . To resolve these problems, nanoscale V 2 O 5 was coated with conductive polymers such as polyaniline [33] and polypyrrole [34] [35] [36] , and doped with other metal elements [37, 38] . In our previous investigation [17] , the porous V 2 O 5 delivered a specific capacity of 67 mAh g -1 at the current density of 14.7 mA g -1 in the range of -0.5∼0.5V (vs. SCE), which is about 0.5 electron reactions per mole formula. However, V 2 O 5 has a good reversibility when it takes place one electron reaction per formula, in which its phase transitions from α to ε and ε to δ are reversible. Therefore, the electrochemical properties of V 2 O 5 should be enhanced to promote the battery performance of ARLBs.
Two-dimensional (2D) nanomaterials, as electrode materials of lithium-ion batteries, have received much attention because of the two open sides for Li + ion intercalation. With a layered structure, V 2 O 5 can be easily exfoliated to form 2D nanomaterials such as nanosheets [39] [40] [41] and nanoplatelets [42] , which showed excellent rate capability. However, the large contacting area between the nanomaterial and electrolyte would accelerate the dissolution of nanomaterials, resulting in serious capacity degradation of batteries. Thus, the V 2 O 5 nanomaterial should be coated with some surface layers that could inhibit its dissolution into the electrolyte. It has been reported that the AlPO 4 coating-layer could improve the electrochemical properties of the electrode materials [43] [44] [45] . Nevertheless, there is no report on coating of AlPO 4 on the surface of V 2 O 5 nanoplatelets.
Herein we report a facile process to prepare the AlPO 4 -coated V 2 O 5 nanoplatelet. The effect of the AlPO 4 -coating layer on the electrochemical properties of the V 2 O 5 nanoplatelet was investigated by cyclic voltametry and galvanostatic charge-discharge measurements. The results suggest the as-prepared nanomaterial favors acting as anode materials of ARLBs.
Experimental
Preparation of the V 2 O 5 nanoplatelet and its surface coating V 2 O 5 nanoplatelets were synthesized by a sol-gel method using β-cyclodextrin (β-CD) as an exfoliation agent, as reported in our previous work [42] . Typically, 1.36 g β-CD (1 mmol) and 0.74 g NH 4 VO 3 (6 mmol) were dissolved in 200 ml distilled water at 70 °C forming a bright yellow solution. The color of the solution changed to clear blue after 24 ml H 2 C 2 O 4 solution (0.5 mol dm 
Characterizations of the samples
The crystal structure of the sample was determined from the X-ray diffraction (XRD, Bruker D8) pattern. The sample's morphology was observed by using the scanning electron microscope (SEM, Hitachi S-4800) and the transmission electron microscope (TEM, Jeol JEM2010).
Electrochemical studies of the samples
A cyclic voltammetry experiment was carried out on the EG&G 273 potentiostat/galvanostat system in the potential range of -0.7∼0.7 V (vs. SCE) using a three-electrode system, which uses the V 2 O 5 electrode, Pt sheet electrode and saturated calomel electrode (SCE) as the working electrode, counter electrode and reference electrode, respectively. A galvanostatic charge -discharge measurement was performed on an Arbin2000 instrument using the three-electrode system. In all tests, 1 mol L -1 Li 2 SO 4 solution was chosen as the electrolyte. V 2 O 5 , acetylene black and poly-tetrafluoroethylene (PTFE) emulsion (30 % in ethanol) with a mass ratio of 8:1:1 were first mixed. The mixture was rolled into a 100 μm thick membrane with help of ethanol, and was pressed onto a stainless steel mesh current collector. The obtained membrane was dried at 120 °C overnight and cut into 1 × 1 cm squares obtaining the V 2 O 5 electrode. The loading of V 2 O 5 in one piece of the electrode was about 5.1 mg.
Results and discussion
Morphology of the nanoplatelet Figure 1 shows the SEM images of the bare (a) and the AlPO 4 -coated (b) V 2 O 5 nanoplatelets. It is found that the bare V 2 O 5 nanoplatelet is smooth (Fig. 1a) , and displays 500 nm in length and 200 nm in width. After being coated with AlPO 4 , the V 2 O 5 nanoplatelet seems also smooth, and less nanoparticles can be found on their surface (Fig. 1b) . TEM images of the bare (c) and the AlPO 4 -coated (d-f) V 2 O 5 nanoplatelets are also shown in Fig. 1 . It can be seen that the nanoplatelets are completely covered by the AlPO 4 layer whose thickness increases with the amount of AlPO 4 . The nanoplatelets coated with 1.6 % AlPO 4 exhibit a layer about 20 nm in thickness (Fig. 1e) . The AlPO 4 -coating layer was confirmed to be homogeneous on the surface of the V 2 O 5 nanoplatelet by the energy dispersive X-ray analysis (EDX) shown in Fig. 2 , in which the P, Al, V and O elements are well distributed throughout the whole region. Crystal structure of the nanoplatelet , we can see that one redox peak locates at 0.019/-0.124 V and another one at 0.217/0.095 V (vs. SCE) for the bare V 2 O 5 nanoplatelet. The scan potential range is 0.7∼-0.7 V (vs. SCE), which is equivalent to 3.94∼2.54 V (vs. Li/Li + ), indicating that the V 2 O 5 nanoplatelet took place one-electron reaction per formula [46] [47] [48] . Therefore, the V 2 O 5 nanoplatelet could be considered to experience the phase transitions from α to ε at 0.095 V, and ε to δ at -0.124 V, respectively, when intercalated with Li + ion. The corresponding electrochemical reactions can be assigned as following:
The surface-coating sample displays the similar redox peaks to the bare one (Fig. 4b) , which located at 0.016/-0.114, 0.213/0.097 V (vs. SCE). However, the potential differences of the redox couples are 0.143 and 0.122 V for the bare sample, and 0.130 and 0.116 V for the coated sample. It is obvious that the bare sample possesses larger potential differences than the coated sample, implying that the latter exhibits more reversible electrode reaction than the former [49] . Figure 5 shows the relationship between the scan rates and peak currents of the CV curves for the bare (a) and AlPO 4 -coated (b) samples. It can be seen that all the i p ∼ v 1/2 plots appear linear indicating that the Li + intercalation is limited by solid-state diffusion. It is well known that the relationship between the peak currents and the scan rates in the CV plots could be used to calculate the diffusion coefficient of Li + (D Li ) according to the Randles -Sevcik equation if the rate-limiting step is Li + diffusion in electrode [49] . Table 1 . It is clear that all the diffusion coefficients of the sample decrease slightly with surface-coating of the AlPO 4 amorphous layer, which is not electrochemically active. Each sample has a larger D Li value of Li + insertion during the phase transition from α to ε than that from ε to δ, suggesting the previously inserted Li would hinder its supervenient insertion in the layered structure [50] . ). .) The corresponding capacities are 128, 119, 113 and 104 mAh g -1 for the 1.6 % AlPO 4 -coated sample. One can see that two potential plateaus at 0.07 and -0.13V (vs. SCE) appear in the discharging curves (Fig. 6d) , which agree with those cathodic potential peaks in the CV plots (Fig. 5b) . The result suggests the surface-coating layer scarcely changes the rate capability of the V 2 O 5 nanoplatelet because the AlPO 4 -coated sample has similar D Li+ values to the bare sample. However, after 50 cycles, the bare sample only remains at 70, 62, 58, and 49 % of their own initial capacities at 0.1, 0.3, 1.5, and 3 C rates, respectively, while the AlPO 4 -coated sample maintains 99, 98, 92, and 87 % of their own initial capacities.
Sample

Insertion of Li
The detailed data of discharge capacities and capacity retentions of the samples at various rates are summarized in Table 2 . It is found that the AlPO 4 -coating layer is beneficial to capacity retention but adverse to rate capability of the V 2 O 5 nanoplatelets. The capacity retention is very much enhanced for the 3.2 % AlPO 4 -coated sample, but the rate capability declines. It is obvious that the AlPO 4 -coated sample possesses a superior cycling performance to the bare sample while the former exhibits an inferior rate capability to the latter. The main reason is that the physical barrier from the AlPO 4 -coating layer prevents the V 2 O 5 nanoplatelet from contacting the aqueous electrolyte thus decreasing its dissolution on the one hand, which was confirmed by the digital photographs of the test cells after 50 cycles shown in Fig. 6 insets. From the pictures, one can see that the electrolyte in the test cell using the AlPO 4 -coated sample displays much lighter color than that using the bare sample. The concentration of the VO 2+ for the former (Fig. 6a) is 58.9 ppm whereas that for the latter (Fig. 6c) is 5.8 ppm, which measured by using the atomic absorption spectrophotometer (AAS, Shimadzu AA-6800). On the other hand, the AlPO 4 -coating layer inhibits diffusion of Li resulting in a bad rate capability. The results suggest the 1.6 % AlPO 4 -coated V 2 O 5 is superior in consideration of both rate capability and capacity retention.
Conclusions
The V 2 O 5 nanoplatelet was successfully prepared by using β-cyclodextrin (β-CD) as the intercalating template and was coated by the amorphous AlPO 4 layer. The obtained AlPO 4 -coated sample possessed better cycling performance than the bare one. It could maintain 99 %, 98 %, 92 % and 87 % of the initial capacities when cycled at the rates of 0.1, 0.3, 1.5, and 3 C over 50 times, respectively. The AlPO 4 coating-layer indeed prevented the dissolution of the V 2 O 5 nanoplatelet into the aqueous electrolyte due to its physical barrier effect. The results suggested this core-shell nanomaterial could be promisingly applied as the anode in aqueous rechargeable lithium batteries.
